Cognitive control is an inherently multivariate phenomenon, and its neural basis is currently unclear. Here we examined using functional magnetic resonance imaging how participants retrieve prelearnt information from memory, use this information to guide responses for an impending decision, and adjust their responses based on outcome feedback. We developed a behavioral task designed to manipulate memory outcome--retrieval load, outcomeanticipation interval, and outcome-feedback processes. This allowed us to understand the neural basis of these cognitive processes in isolation and how they interact. Extending previous work, we found a retrieval-load by outcome-feedback interaction in the left globus pallidus; an outcome-feedback by anticipationinterval interaction in the inferior prefrontal cortex; a retrieval-load by anticipation-interval interaction in the midcingulate gyrus and a load by interval by outcome interaction in the right frontal pole. These results further advance our knowledge of how fundamental cognitive processes interact physiologically to give rise to higherlevel behavioral control.
Introduction
The term cognitive control has been broadly defined as the ability to coordinate thoughts and actions in order to attain internal goals (Koechlin et al. 2003) . This general definition can be broken down into a number of different subprocesses, though at present there is no agreement on what these subprocesses should be (Driver et al. 2007) .
In typical cognitive control tasks, the experimenter is interested in the effects of different task factors on the dependent variables of performance accuracy and reaction time (RT) . Usually the participant is cued with a preparatory signal to get ready to make a particular response. Following a fixed period of time (known as the foreperiod or preparatory interval) the onset of a warning signal cues the participant to initiate the selected response (the RT response). In the present study we aimed to extend this basic approach by examining the neural basis of performance of a novel cognitive control task that involves pretraining participants to retrieve from memory information (knowledge), when given certain cues that are then used to determine what response to make when given a warning signal. In general this paradigm allows examination of the neural basis of how participants are able to retrieve prelearnt information regarding what outcome to expect from memory, use this information to guide when in time an impending decision needs to be made, and adjust their responses on the basis of feedback that provides outcome information. This work extends ideas that the ability to predict the future rests on the same neural systems as that to retrieve past knowledge (Schacter et al. 2007) . It furthermore provides the neural mechanisms for the test-operate-test-exit (TOTE) mechanism first proposed by (Miller et al. 1960) .
Therefore, we are interested in the role of 3 cognitive control variables, namely memory retrieval load, interval preparation duration, and response to outcome feedback information. This work is important, as cognitive control is an inherently multivariate phenomenon with multiple neural systems interacting and not independent of one another. Understanding the nature of the neural systems associated with, and mediating the interaction between, different cognitive control processes will likely lead to a better understanding of the neural mechanisms associated with cognitive dysfunction observed in many neurological and psychiatric disorders.
The task we developed to test 3 processes involved participants, prior to scanning learning cue--outcome relationships between letters (see Fig. 1 ). Following a particular cue letter, participants then had to retrieve either: 1, 3, or 5 letters from memory (outcome-retrieval factor). Participants then had either a 1.5-or 3-s preparatory interval to retrieve and maintain these target letters, used to anticipate what outcome was expected (anticipation-interval factor). Participants were then shown a probe letter and, given this feedback, were required to make a decision on whether the probe letter matched one of the target letters held in memory (outcome-feedback factor). Thus, using this factorial design we were able to examine the main effects and interactions of retrieval-load, anticipationinterval and outcome-feedback processes.
As further background, this paradigm is a modification of other classic cognitive paradigms, such as the Sternberg working memory paradigms (Sternberg 1966) , delayed match to sample (DMTS) paradigms (Elliott and Dolan 1999; Habeck et al. 2005) , Stroop tasks (MacLeod 1991) and simple and choice RT tasks (Bertelson and Boons 1960; Niemi and Naatanen 1981) . Both Sternberg and DMTS tasks have an encoding, maintenance and retrieval phase with the maintenance interval varied on DMTS tasks. The present study differs from these tasks as we eliminated the encoding phase. The task is similar to Stroop type tasks as participants are required to suppress an automatic, but inappropriate response on trials when probe letter feedback differs from that expected. Finally the task shares components to classic ''variable foreperiod RT tasks'' due to the variable anticipation interval employed. However, the novel contribution of the present work is that it allows multiple cognitive processes to be investigated concurrently in the same sample, allowing the testing of interaction effects not normally examined (though see [Fan et al. 2002] for a related approach).
This wealth of prior literature, both from behavioral and neuroimaging domains enables clear hypotheses to be drawn for each main effect. In line with previous studies investigating memory retrieval, we hypothesized an increase in RT with increasing memory load (Sternberg, 1966) and widespread increases in cortical and subcortical activity with increasing memory load (Braver et al. 1997; Rypma et al. 1999; Owen et al. 2005; Mansouri et al. 2007) .
Regarding the interval hypothesis, previous work examining the foreperiod effect has shown that RT decreases as a function of the foreperiod length (Niemi and Naatanen 1981) , however this only occurs under variable foreperiods. It is thought that this is due to participants building up an expectancy of when the respond/probe cue will occur. This is thought to occur through a trace conditioning process (Los et al. 2001; Steinborn et al. 2008) . By varying the foreperiod we vary the conditional probability of the probe (respond stimulus), thus soon after the initial presentation of the cue there is high ''time'' uncertainty about the timing of the probe and this uncertainty decreases as a function of time. Previous work has implicated the basal ganglia in working with cortical regions to generate an internal timing mechanism (Buhusi and Meck 2005) . Important experimental work has shown that dopamine manipulations can disrupt this interval timing mechanism (MacDonald and Meck 2004) . Using lesions and virtual lesions with transcranial magnetic stimulation (TMS), previous studies have found a region of the right prefrontal cortex to underlie the foreperiod effect (Stuss et al. 2005; Vallesi, Mussoni, et al. 2007; .
For the third experimental factor of processing outcomes we predict an adverse effect of RT following negative (expectation mismatch) feedback, as participants need to adjust their response mapping. Previous work has shown that the anterior cingulate/medial prefrontal cortex reduces in activity following nonmatch versus match feedback (McIntosh et al. 1996; Kronhaus and Willshaw 2006; Summerfield and Koechlin 2008) . Other work examine RT responses following negative feedback has found the lateral prefrontal cortex increases in activity as participants need to adjust their response following negative feedback (Kerns et al. 2004; Mansouri et al. 2007) .
The neural basis of how the 3 factors interact is currently unknown, however. The aim of this study was therefore to evaluate the neural basis of performance of a novel cognitive control task that could be employed in subsequent studies of clinical populations. This paradigm allows examination of the neural basis of each of the distinct psychological processes involved in the task, in addition to examination of the neural basis of the interaction between these different processes.
Materials and Methods

Participants
Informed consent was obtained from all participants. The Institutional Review Board at the University of Pittsburgh approved the study protocol. 20 right-handed participants were included in the study (10 females, mean age = 25 ± 5.2 years old). Exclusion criteria were: current or past history of psychiatric illness as determined by the structured clinical interview for DSM-IV Axis I Disorders (SCID-I) (First et al. 1997) ; no history of psychiatric history in first degree relatives; current of past history of drug or alcohol abuse as determined by the SCID; pregnancy in female subjects as determined by urine sample for pregnancy test; North American Adult Reading Test (Uttl 2002 ) score >85; the presence of metallic foreign objects in the body, such as aneurysm clips or pacemakers or a questionable history of metallic fragments. Participants were paid $40 compensation for their time.
Procedure
An initial screening session took place 2--3 days prior to the scanning session.
Following the initial screening interview, participants completed a 10-min training session to prepare them for the fMRI scan. During training participants completed short runs until they were completely familiar with task to a criterion of 100% accuracy.
The task involved associating cue letters with a subsequently presented probe letters (Fig. 1) . All stimuli were presented in yellow on a blue background. On every trial participants viewed a fixation cross for 3 s and then a blank screen (2 s). Participants then viewed a cue letter (1 s) followed by an interval of either 1.5 or 3 s. Participants then viewed a probe letter (3 s) where they were make a response and then a blank screen (4.5 s). Participants were trained to associate cue letters with subsequently presented target letters. These associations were A = K, B = GLV, C = JMQTW. Thus during the presentation of the cue letter, participants had to retrieve from memory the associated target letters and maintain them until they saw probe letter. Following the presentation of the probe letter participants had to respond and say whether the probe letter matched one of the target letters held in memory. In addition, X trials were used as an additional control condition, whereby participants were presented with an X both as a cue and always as a probe letter. During this condition, participants knew with 100% certainty what response to make following the cue. For 5 min, participants completed the task with a prompt sheet displayed next to the computer screen. This was to ease the initial cognitive demand placed on participants and to get them used to pressing the buttons following the probe letter. For the last 5 min, participants completed the task without the prompt sheet, to help them understand what performing the task will be like under test conditions. Following the initial training, participants were given the prompt sheet and asked to practice, in the days between training and testing, the letter associations up to a level where they are able to retrieve automatically the target letters following the cue. All participants were able to do this with ease when assessed prior to the scan. The task consisted on 3 experimental factors examining the effects of memory load (1, 3, and 5 letters), cue-probe letter interval (1.5 vs. 3 s) and outcome (match vs. no-match). There were 7 trial types per condition. This consisted of [7 3 delay (2) 3 load (3) 3 outcome (2)] 84 trials. In addition, there were 7 3 trials per delay, serving as an additional control condition, giving a total of 112 experimental trials. The length of each trial was on average 15.75 s. This gave a total length of experiment of 1764 s (24 min 24 s). Figure 1 . Task procedure for a single trial. Participants were pretrained to associate cue letters with subsequently presented target letters. The number of target letters to be retrieved was either 1, 3, or 5 letters. In addition the interval between cue and probe was either 1.5 or 3 s.
Data Analysis
Behavioral Data Analysis
The behavioral data were analyzed in a 2 3 3 3 2 factor repeated-measures design with either accuracy or RT as the dependent variables. Harmonic means of RTs were calculated within subjects for each condition as harmonic means are a better measure of central tendency (Ratcliff 1993) .
fMRI Acquisition and Analysis Neuroimaging data was collected using a 3.0 Tesla Siemens Allegra MRI scanner at the MRI Research Centre, Presbyterian Hospital, Pittsburgh, PA. For all scans, the subject was positioned comfortably in a supine orientation with their head located in a head RF coil that is electrically isolated from the subject. The head was stabilized with foam pads to minimize head motion. Participants wore sound-insulating earplugs to reduce discomfort associated with scanner noise. Participants viewed a screen, via an angled adjustable mirror, on which all visual stimuli were presented using a back-projection system attached to a PC. Structural data were acquired prior to blood-oxygen-level dependent (BOLD) functional Magnetic Resonance Imaging (fMRI) scanning. BOLD functional images were acquired with a gradient echo echoplanar imaging sequence, and covered 26 coronal slices (3 mm thick, 0 mm gap, time repetition/time echo = 1500/25 ms, field of view = 24 cm, matrix = 64 3 64). Slices were tilted to cover the frontal lobe, temporal lobes and cerebellum; however we were unable to completely acquire data in the parietal and occipital lobes. One thousand one hundred and seventy-six volumes were acquired in one run. Performance measures were collected via a MR compatible button glove placed under participant's right hand. Participants were required to press either the buttons under their index/pointer finger and middle finger.
During each volume, Siemens ''MoCo'' software (Siemens, www. medical.siemens.com) corrected for intrascan movement retrospectively, via standard 6 body affine transformations; and the prospective acquisition correction algorithm (Thesen et al. 2000) reduced motioninduced effects on magnetization history by adjusting slice position and orientation prospectively. Data was preprocessed and analyzed using statistical parametric mapping software (SPM5; Welcome Department of Imaging Neuroscience, London, UK). The single-subject data was first corrected for differences in acquisition times between slices; realigned using the first scan as a reference and unwarped to correct for static inhomogeneity of the magnetic field and movement by inhomogeneity interactions. They were then normalized resampled to 3 3 3 3 3 mm 3 voxels, and spatially smoothed to facilitate group level statistics with a Gaussian kernel of 8-mm full-width at half-maximum. Following preprocessing, a first-level fixed effects model was constructed with trials modeled as either 5.5-or 7-s epochs with design matrix regressors for each trial type. We used this epoch design rather than an finite impulse response type event-related design due to the superior efficiency and power afforded when using the canonical hemodynamic response modeled using SPM5 (Henson, 2007) . Additionally error trials and movement parameters were entered into the model as nuisance variables. This generated 12 experimental contrasts plus a contrast for the X trials (average of the 2 delays), plus nuisance regressors. A second-level random effects group analysis was conducted on the 12 t-contrasts generated in the previous single-subject analyses in a 2 3 3 3 2 repeatedmeasures ANOVA. We report significant activations at a threshold of P < 0.001 uncorrected and with a minimum cluster size >5 voxels. To ease readers, we focus in this main article on the significant 2-and 3-factor interactions, and we report significant main effects in supplementary material. Regions of significant activation were extracted using the MARSBAR software (Brett et al. 2002) . Correlations of extracted significant brain responses with behavioral variables were conducted using SPSS software v.16 (SPSS, www.spss.com).
Results
Behavioral Results
Accuracy
On average, participants performed the task to a 97% level of accuracy. There was a main effect of anticipation-interval on accuracy (F 1,19 = 6.92, P < 0.05, g p 2 = 0.27). This effect was driven by participants demonstrating lower accuracy for 1.5-s interval trials (96.1% correct) compared with 3-s trials (97.4% correct). No other significant main effects or interactions (see Supplemental Results).
Response Times
There was a significant main effect of outcome-feedback on participants' RT, F 1,19 = 11.98, P < 0.01, g p 2 = 0.39. This was due to participants' RT being longer for nonmatch trials than match trials (Fig. 2a ). There was a significant main effect of retrievalload on participants' RT, F 1.6,29.5 = 79.92, P < 0.01, g p 2 = 0.81. This was due to participants' RT increasing linearly with increasing load (Fig. 2c) .
The main effect of anticipation-interval was on the threshold of statistical significance, F 1,19 = 4.37, P = 0.05, g p 2 = 0.19. With increasing anticipation-interval, participants' RT decreased (Fig. 2b) .
There was a significant interaction of outcome-feedback and retrieval-load, F 2,38 = 3.917, P < 0.05, g p 2 = 0.17 (Fig. 2d ). The outcome-feedback by retrieval-load interaction effect was analyzed using a simple main effects analysis (see Supplemental Results). This demonstrated that negative outcome-feedback results in a longer RT when one has in mind one potential outcome compared with 3 or 5 outcomes.
Neuroimaging Results
Main Effect of Outcome-Feedback
A number of regions demonstrated a significant main effect of outcome-feedback (Table S1 ). The 2 largest regions were in the left middle frontal gyrus (approximately BA46 [BA, Brodmann area]) and the anterior cingulate cortex (approximately BA24). Extraction of the activations in these 2 regions revealed significantly increased activation to no-match trials compared with match trials in the left dorsolateral prefrontal cortex (DLPFC) (Fig. S1 ) whereas in the ACC activation was decreased significantly more than on match trials (Figs S2/S3). Further correlations demonstrated that behavioral switch cost (nomatch--match RT) significantly correlated with the difference in neural activation (no-match--match) in the left DLPFC (r = 0.592, P < 0.01) and ACC cluster (r = 0.474, P < 0.05).
Main Effect of Retrieval Load
A number of regions demonstrated a significant main effect of retrieval-load (Table S2 ). The largest cluster was located in the left DLPFC (Fig. S4) . This region showed a linear increase in activation with increasing memory load. Other regions that also showed an increase in activation with increasing memory load included the cerebellum (Fig. S6) , left inferior temporal gyrus (Fig. S5) , dorsal anterior cingulate (dACC) gyrus and inferior frontal gyrus. There was also a significant positive correlation between RT and activation in the left DLPFC (r = .556, P < 0.05). Table S3 shows regions that demonstrated a main effect of anticipation-interval. The largest cluster was in the superior medial frontal gyrus (Figs S7/S8). This cluster showed a significant decrease in activation at the 3-s delay compared with 1.5-s delay. Additionally significant activation was found in the midbrain. Although functional localization of midbrain nuclei is difficult, the region appears to be the ventral tegmental area/substantia nigra. Activation in this region was significantly increased in this region at the 3 s compared with the 1.5-s interval (Figs S9/S10). There were no significant associations between RT and activation in these 2 regions.
Main Effect of Anticipation Interval
Outcome-Feedback by Retrieval-Load Interaction
Only one region demonstrated a significant outcome-feedback by retrieval-load interaction and this was located in the left medial globus pallidus (Figs 3, S11, and Table 1 ). The outcome by load interaction effect was analyzed using a simple main effects analysis (see Supplemental Results). This demonstrated that activation increased with increasing load in the match condition but not in the no-match condition.
Because there was a significant outcome-feedback by retrieval-load interaction in behavior, and significant main effects of outcome-feedback and retrieval-load in the left DLPFC, we expected that this region to also show a significant outcome-feedback by retrieval-load interaction. We therefore conducted a conjunction analysis (Price and Friston 1997; Nichols et al. 2005) in order to formally test that left DLPFC cluster activated in these 2 factors was the same region. This analysis demonstrated that the clusters identified in the outcome-feedback and retrieval-load main effects were the same region. In order to understand how 2 independent processes could be instantiated in one region, we derived the time-course of the activity in this region (Fig. S14 ). This analysis revealed outcome influenced load 1 at scans 6, 7, and 8; influenced load 3 at scans 6, 7, 8, and 9. Outcome-feedback did not influence retrieval-load 5 at any scan. This further analysis revealed that the outcome-feedback by retrieval-load interaction was present, but only when considered dynamically, thus clarifying the behavioral interaction.
Outcome-Feedback by Anticipation-Interval Interaction
There was a significant outcome-feedback by anticipationinterval interaction bilaterally in inferior frontal gyrus (Figs 4, S12, and Table 1 ). The outcome-feedback by anticipationinterval interaction effect was analyzed using a simple main effects analysis (see Supplemental Results). This revealed Outcome-feedback influenced anticipation-interval in the 1.5-s interval but not the 3-s interval.
Retrieval-Load by Anticipation-Interval Interaction
There was one region that showed a significant retrieval-load by anticipation-interval interaction located in the midcingulate gyrus (Figs 5, S13 and Table 1 ). The retrieval-load by anticipation-interval interaction effect was analyzed using a simple main effects analysis (see Supplemental Results). This demonstrated that interval influenced load in the 1 load condition but not the 3 or 5 load conditions shown in Figure 5 and demonstrates that activation was increased at the 1 item load in the midcingulate gyrus more at the 1.5 s compared with 3-s interval.
Outcome-Feedback by Retrieval-Load by AnticipationInterval Interaction Only one region, located in the superior frontal gyrus demonstrated a significant outcome-feedback by retrieval-load by anticipation-interval interaction ( Fig. 6 and Table 1 ). The retrieval-load by anticipation-interval interaction effect was analyzed using a simple main effects analysis (see Supplementary Results) . These results demonstrated that activation was significantly higher on no-match trials after a 3 s compared with a 1.5-s interval when one retrieves 3 letters; whereas activation was significantly reduced after a 3 s compared with a 1.5-s interval when one retrieves 5 letters from memory.
Comparison of X Trials versus Fixation
As a final comparison we report activation on X-trials (vs. fixation) and on fixation (vs. X-trials). The largest activations found on X trials were in the putamen and cerebellum ( and Fig. S15 ). In contrast during fixation, significant activity was found in anterior and posterior cingulate cortices (Table S6 and Fig. S15 ).
Discussion
The aim of this study was to investigate how cognitive control, an inherently multivariate phenomenon, can be decomposed into a number of interacting subprocesses. We found evidence for these subprocesses occurring in a number of different brain regions, including the left globus pallidus, inferior prefrontal cortex, midcingulate gyrus and the frontal pole. These results help further advance our knowledge of the multivariate nature of human cognitive control processes and how fundamental cognitive processes interact neurophysiologically to give rise to higher-level behavioral control. In the following sections we discuss these results with a particular emphasis on the interaction findings.
Main Effect of Outcome-Feedback
We found a significant main effect of outcome-feedback on behavioral performance, due to RTs being longer on no-match trials compared with match trials (Fig. 2) . It should be noted that the feedback is internal feedback, rather than external feedback commonly used in learning tasks. Thus participants know what the target is because they have been pretrained to form a mental model that allows one to predict target letters following different cues. This ''switch cost'' (Monsell 2003 ) is very likely due to participants adjusting their response mapping, when the outcome did not match their expectation. The fMRI data underlying this main effect, revealed 2 clusters located in the left DLPFC and bilateral pregenual ACC (although including the subgenual ACC at a lower threshold). The activity in the left DLPFC was increased on no-match trials compared with match trials (Fig. S1) . In contrast the ACC activation demonstrated an opposite pattern of decreased activation on no-match trials compared with match trials (Fig. S2) . Furthermore there were significant brain--behavior correlations with these 2 regions and behavioral performance. Both regions showed a positive correlation between RT switch cost and activation. This result is interesting, as a positive correlation between RT and activation would be expected for the DLPFC. However, in the ACC we also found a positive correlation, in that those who showed greater behavioral switch cost on no-match trials vs. match trials showed the smallest decrease in ACC for no-match versus match trials. An important note is that this finding of reduced ACC to negative feedback corresponds to similar findings usual matching tasks (McIntosh et al. 1996; Kronhaus and Willshaw 2006; Summerfield and Koechlin 2008) as well as social--cognitive paradigms (Somerville et al. 2006 ) and economic paradigms (Tomlin et al. 2006 ) suggesting a similar neural mechanism underlies outcome feedback processing in cognitive, emotion and social domains.
Main Effect of Retrieval-Load
We also found a main effect of retrieval load on RT and brain activation. There was a linear increase in RT with increasing load (Fig. 2) . A number of brain regions exhibited this effect. The region that showed the largest effect of load was in the left DLPFC (Fig. S3 ). This result is consistent with a number of previous studies that have demonstrated an increase in activation in this region with increasing memory load using n-back (Braver et al. 1997; Owen et al. 2005 ) and Sternberg tasks (Rypma et al. 1999; Manoach et al. 2003) . This region of left DLPFC also showed a significant positive correlation with RT. Our task slightly differed from the n-back and Sternberg paradigms in that it tapped purely retrieval and maintenance processes and not encoding processes. An additional large cluster was located in the right cerebellum (Figs S4/S6 ). The cerebellum has also been activated during working memory performance (Kirschen et al. 2005) . However the role of the cerebellum differed from that of the left DLPFC, as the cerebellum, unlike the left DLPFC, did not also show an effect of feedback. Therefore these results are consistent with forward-model theories (Wolpert and Miall 1996; Ramnani 2006 ) of cerebellar function, whereby the cerebellum predicts the sensory consequences of executed movement (O'Reilly et al. 2008 ). Additionally we found significant load-dependent activations in the left inferior temporal gyrus (Figs S4/S5), dACC and thalamus (Fig. S4) . The left inferior temporal gyrus is likely to underlie holding representations of the target letters in mind (Vinckier et al. 2007 ). The dACC and thalamus are consistently reported in working memory and attention tasks and may reflect increases in attentional orienting, arousal and cognitive preparatory processes (Nagai et al. 2004; Marzinzik et al. 2008) .
Main Effect of Anticipation-Interval
Underlying the effect of varying preparatory interval, we found a decrease in RT with increasing preparatory interval, hypothesized to be due to the certainty of the target stimulus presentation increasing with time (Niemi and Naatanen 1981; MacDonald and Meck 2004) . This RT effect was likely diminished by using 2 intervals and should increase when a greater range of intervals are employed. At the neural level, we found an increase in the substantia nigra/ventral tegmental area (VTA) (Figs S9/S10) that increased in activity with delay interval and a cluster in medial prefrontal cortex (PFC) (Figs S7/S8) that decreased with delay interval. It is difficult to precisely localize activations to specific midbrain nuclei and so we are cautious in attributing the activation to either of these regions. But these results are consistent with our initial hypothesis, based on previously literature (Niemi and Naatanen 1981; MacDonald and Meck 2004) implicating the dopaminergic system. Previously activation in the substantia nigra in humans has been reported in a time reproduction task (Jahanshahi et al. 2006) and in a task comparing unpredictable and predictable timing (Dreher and Grafman 2002) . Primate work has demonstrated dopamine neurons that increase their firing with increasing temporal delays (Fiorillo et al. 2008; Kobayashi and Schultz 2008) .
The other activation cluster was located in the left superior medial prefrontal cortex, at approximately Brodmann area 9. Previous lesion studies have implicated the importance of the superior medial PFC in multiple attention and RT tasks (Stuss et al. 2005; Picton et al. 2006 ). Patients with superior medial PFC lesions consistently demonstrate RT slowing compared with other patients with lesions in other lesions of the PFC. In a recent review (Stuss and Alexander 2007) , it has been proposed that lesions to the superior medial PFC results in impairment in ''energization,'' where this process is defined as the initiation and sustaining of any response. Further support for a role of the superior medial frontal cortex in timing and anticipation processes comes from single-cell studies in primates, where firing rates are greater for short delays compared with long delays (Roesch and Olson 2005; Genovesio et al. 2006) , which is consistent with our observed BOLD responses.
It is important to note that we did not find any significant effect of preparatory interval on activation in the right DLPFC. This is in contrast to previous studies using TMS, fMRI, and lesion patients (Stuss et al. 2005; Vallesi, Mussoni, et al. 2007; Vallesi et al. 2009 ). The right DLPFC is thought to reflect temporal monitoring processes, and because of the additional memory retrieval processes and the factorial design of the task, it is likely participants were not performing any such monitoring processes.
Outcome-Feedback by Retrieval-Load Interaction
We found evidence of an outcome by load interaction in the left medial globus pallidus (GPi). We found that on match trials activity increased in this region with increasing load. However on no-match trials activity increased with loads 1 and 3 but dropped at load 5 (Figs 3/S11). This result appears unrelated to behavioral performance. The GPi, the main output structure of the basal ganglia is anatomically connected to anterior cingulate and DLPFC (Draganski et al. 2008 ) and so receives both load and feedback information. Lesions to this region result in feelings of apathy, emotional blunting, cognitive impairment and a more severe impairment termed an ''auto-activation'' deficit (Levy and Dubois 2006) . The auto-activation deficit is primarily a deficit in self-activating thoughts or behavior. It is thought that lesions to different connectivity pathways between the PFC and basal ganglia affect the type of impairment (Levy and Dubois 2006) . Lesions to the internal global pallidus, in particular can result in a severe form of apathy termed ''athymhormia'' (Habib 2004) . It has been proposed that the auto-activation deficit results from a failure to reach the threshold of initiation/activation of thoughts or actions when subjects should behave on an internal basis but not in automatic response to perception (Levy and Dubois 2006) .
Other evidence supports the role for this region in integrating cognitive and affective information to allow for action selection. A recent neuroimaging study found that activation in the left GPi predicted the extent that information was held in memory over a delay period (McNab and Klingberg 2008) . Single-cell work has shown that GPi neurons are modulated by both motor commands and reward values, and that the tuning of these neurons changes dynamically with learning (Pasquereau et al. 2007) . Recent work has shown the Gpi initiates reward-related signals through its effects on the lateral habenula, which then influences the dopaminergic and serotonergic systems (Hong and Hikosaka 2008) .
Other work has also found this region activated in tasks measuring incentive motivation (Pessiglione et al. 2007; Schmidt et al. 2008) and novelty that enhances subsequent learning (Bunzeck and Duzel 2006) . Indeed it has been proposed that a hippocampal novelty signal might be conveyed to the SN/VTA indirectly through the ventral striatum (nucleus accumbens) and the ventral pallidum (Lisman and Grace 2005) . In addition it has been proposed following animal work that the ventral pallidum is a site for the generation of liking sensations (Berridge and Kringelbach 2008) . It is unclear if this dorsal region of the pallidum is modulated by instrumental actions in the same manner to primary rewards studied in incentive motivation in the ventral pallidum.
Interestingly, deep brain stimulation of the GPi has been shown to induce brief periods of mania in humans (Miyawaki et al. 2000) . In relation to the present work, we found that feedback modulated the brain activation on 5 load item trials, whereas for the other lower memory loads activation was higher in the GPi following negative feedback. This may be a marker of greater persistence following negative feedback similar to the ''near-miss'' effect shown in addiction-type behaviors (Kassinove and Schare 2001; Clark et al. 2009 ); whereas negative feedback at higher loads is associated with lower persistence. Thus this increased activation may represent a memory reinforcement mechanism to facilitate the retention of an uncertain action that produces positive feedback. This is similar to other proposals for the role of GPi in cognition (Frank and Claus, 2006) . An outcome by load by scan interaction was also found in the left DLPFC, but only when an additional ''time'' variable was taken into account. This is shown in Figure S14 and demonstrates that the left DLPFC processes information relating to both memory retrieval load and outcome feedback. It can be seen in Figure S6 that on ''X'' trials activity peaks early at scan 3. On these ''X'' trials participants know exactly what the probe outcome will be and therefore know exactly what response to make. Compare this to on the other trials where participants do not need to make until they receive the outcome feedback. Therefore the left DLPFC allows participants to maintain the potential responses (outcomes) until they receive the outcome feedback, and they can then select the appropriate response. It appears that if positive feedback occurs then the maintained letters are discarded. If negative feedback occurs then the letters continue to be maintained in memory. It therefore appears that the critical role of the left DLPFC is in response selection and maintenance (Rowe et al. 2000; Sakai, 2008) ; cognitive functions necessary for the temporal organization of behavior (Fuster 2001; Petrides 2005; Koechlin and Summerfield 2007) . Furthermore this neural mechanism appears to be a correlate of the TOTE model of Miller et al. (1960) , whereby the anterior cingulate carried out the test operation and the DLPFC the operate operation. It is only when there is a match between expectation and actual feedback that the exit operation can occur, and the DLPFC activity can return to baseline.
Outcome-Feedback by Anticipation-Interval Interaction
Using fMRI we were able to detect an outcome by interval interaction despite not finding one behaviorally. In this interaction we found greater activation in bilateral ventral inferior prefrontal cortex/caudalateral orbitofrontal cortex for no-match trials at the 1.5-s interval but no difference between outcome type at the 3-s interval (Figs 4/S12 ). This finding may be due to participants having shorter time to prepare for the upcoming target and so when a negative outcome occurs there is a bigger adjustment. This is analogous to driving a car, when one is going faster; one has less time to prepare. Therefore when one needs to move to avoid something, a bigger adjustment occurs. Lesions to this region result in impairment on reversal learning, and inhibition tasks (Iversen and Mishkin 1970; Robbins 2007) , these findings are supported by fMRI studies (Cools et al. 2002; Hampshire and Owen 2006) . Other studies have found activation in this region on tasks of involving negative feedback (Elliott et al. 2000; Lawrence et al. 2008 Our results show that this region is not activated by negative feedback per se but rather only when it occurs in the context of fast pace. This is in agreement with a recent study that demonstrated that inferior lateral PFC activation was due to the steadiness of the outcomes and not merely to outcome valence (Windmann et al. 2006) .
It is important to discuss these findings in light of the role of dopamine in timing models (MacDonald and Meck, 2004) . Based on animal work and Parkinson's disease (PD) patients, dopaminergic manipulations have been shown to interact with reversal learning task performance. For example PD patients perform worse on reversal learning tasks when medicated compared with when unmedicated (Cools et al. 2001) . Additionally, rats given methamphetamine similarly perform worse on reversal learning tasks (Cheng et al. 2007 ). This work then supports our results that anticipation and feedback processes interact, such that an increase in dopamine, causes an increase in anticipation, and speeds time perception, consequently enhances the response to negative feedback. Thus the bigger the expectation, the bigger the adjustment when the expected outcome does not occur.
Retrieval-Load by Anticipation-Interval Interaction
We found a significant load by interval interaction in the anterior midcingulate cortex (aMCC) explained by a differential effect of interval at the 1 load level (Figs 5 and S13) . Again, interpretation of this result is not straightforward as there was no retrieval-load by anticipation-interval interaction on behavior. This region of the aMCC has been implicated in the processing of fear emotion processing (Vogt 2005) and this region receives input from the amygdala (Vogt and Pandya 1987) . Additionally this region has been implicated in arousal and uncertainty from risk-related processes (Critchley et al. 2001 ). The Critchley et al. (2001) study used a gambling paradigm where participants had to maintain an expected outcome over a 8.5-s delay. The cognitive process of maintaining expected outcomes over a delay, that varied in the degree of uncertainty is similar to the present study paradigm. Therefore, the finding of increased activity in this region with increasing uncertainty between the 2 studies is consistent. Therefore if this region of the cingulate is modulated by uncertainty and arousal, a further interpretation of the current study is that there is a decrease in arousal at the 1 retrieval-load level following a 3-second delay compared with the 1.5-s delay. However the converse is also possible of an increase in arousal at a 1.5-s delay compared with a 3-s delay. In order to clarify this relationship future work is needed over a greater range of delay intervals. This region of the aMCC, approximately BA24, as detailed above is involved in the behavioral process of energization (Stuss and Alexander, 2007) . Therefore greater energization may be required at a shorter delay, when the pace of the task is faster, than at a longer delay.
Outcome-Feedback by Retrieval-Load by AnticipationInterval Interaction There was a significant 3-way interaction in the right frontopolar cortex, giving evidence that this region processes information related to outcome feedback, retrieval load, and preparatory interval. This evidence is supported by anatomical studies showing strong reciprocal connections between frontal polar and orbital, medial and lateral prefrontal regions (Ramnani and Owen 2004; Petrides and Pandya 2007; Hagmann et al. 2008) .
Deconstructing this interaction demonstrated that activation is significantly higher on no-match trials after a 3 s compared with a 1.5-s interval when one retrieves 3 letters; whereas activation is significantly reduced after a 3 s compared with a 1.5-s interval when one retrieves 5 letters from memory (Fig.  6 ). It is difficult to understand this interaction psychologically, and this difficulty relates to the great uncertainty of the role of the frontopolar cortex in human cognition.
Previous work has demonstrated a role for this region in memory retrieval (Rugg and Wilding 2000; Velanova et al. 2003) , responses to feedback (Remijnse et al. 2005; Zanolie et al. 2008 ) and increased activity to reward trials (Pochon et al. 2002) . Indeed a previous imaging study has shown that this region is activated by branching processes, that are an interaction of working memory delayed-response and attentional dual-task processes (Koechlin et al. 1999) . Others have implicated the anterior medial PFC in recollection processes (Simons et al. 2005; Turner et al. 2008 ) and integration processes (Reynolds et al. 2006) and in the manipulation of internally generated information (Christoff et al. 2003) .
Examining Figure 6 , it is interesting that there is a similar effect of load at load 1 across both outcome and interval levels, but a different pattern at load 3 and a different pattern still at load 5. This suggests that there may be a memory capacity limit to the medial anterior prefrontal cortex (APFC). This finding may be related to work demonstrating that there is a maximum of 4 items that can be held in attention (Cowan 2001) , but this interpretation is speculative. Related to this a recent attempt to model the function of APFC has suggested that there is a limited capacity of 2 behavioral plans or mental tasks (task sets) that can be currently maintained 2 items (Koechlin and Hyafil 2007) . This model also shows that reward expectations associated with the active and pending task sets are continuously updated with respect to feedback signals related to current behavior. However, we are unable to draw firm conclusions on our data based on the current literature and theories of APFC function that do not make strong predictions for this finding. More research is needed to examine activation in APFC as a function of feedback at different retrieval loads and anticipation-interval levels.
Comparison of ''X'' and Fixation Contrasts As a final comparison, we compared activation in the ''X'' control condition with the fixation blocks used as a baseline throughout the study. In the ''X'' > fixation comparison, greater activation was found predominantly in the putamen and cerebellum. These activations reflect the automatic motor response that occurred in this condition (Pastor et al. 2008) . The reverse contrast (fixation > ''X'' trials) revealed activation in the anterior and posterior cingulate. Activation associated with the ''default network.'' Because there was no motor component associated with this condition, we argue that it reflects anticipatory processes.
Limitations
This study has a number of limitations that are important to discuss. One limitation is that during scanning we were unable to cover the whole brain due to the 1.5-s TR used. Future work should examine these interacting cognitive processes on parietal and occipital regions that were not covered in the present study.
Additionally with the scanning parameters used it is difficult to localize activations to particular basal ganglia nuclei, therefore we are cautious in attributing the interval factor activation to either the substantia nigra or VTA, and the outcome-feedback and retrieval-load interaction precisely to the GPi.
Another limitation is that compared with other studies that have used preparatory interval paradigms, we only used 2 time intervals. It will be important in future work to examine greater number of preparatory intervals on neural activity, to examine the full range of these anticipatory effects.
Due to the design of the study where we have used 3 experimental factors and their interactions, although some of our main effects survive whole-brain correction, we have reported interaction results that are uncorrected for multiple comparisons at the whole-brain level. We acknowledge this limitation but believe that the main effects findings are consistent with a large previous literature and the novel findings are of interest to others in the field. However we acknowledge that our findings should be considered preliminary until replicated.
Finally, in order to fully understand the 3-way interaction it is important in future work to use a greater range of retrieval loads (1--5 letters), in order to understand how regions such as the APFC operate at 2 and 4 letter loads. However, by including greater levels at each factor will have a significant impact on statistical power and increase the length of the experiment or the number of participants to be tested.
Implications and Future Directions
This work has a number of implications for our understanding of neurological and psychiatric disorders as it demonstrates that dysfunctional neural processing in one region may impact on information processing downstream from the site of actual impairment.
An important next step is to perform effective connectivity analyses, such as dynamic causal modeling (Friston et al. 2003) to see how one region implicated changes the information processing in other regions of the task network. Other methods such as TMS can also be used to test the causal role of connectivity among brain regions.
Additionally psychopharmacological studies can be performed to examine how different neurotransmitter systems (e.g., dopamine and serotonin) affect these informationprocessing networks. These studies then would then significantly extend the causal mechanisms that lead to dysfunctions in cognitive control in illness states.
Conclusions
In conclusion, we have shown how cognitive control, a multivariate phenomenon can be decomposed into a number of interacting subprocesses. This enables an understanding of how people retrieve prelearnt information from memory, use this information to guide responses for an impending decision, and adjust their responses on the basis of outcome feedback.
We found that the process of memory retrieval was associated with increasing activity in a distributed network of regions comprising lateral PFC, cerebellum, inferior temporal cortex, dorsal ACC and the thalamus. Brain regions important for anticipating upcoming responses were the medial PFC and VTA. Brain regions important for adjusting responses following outcome feedback were the ACC and lateral PFC.
We found a number of brain regions demonstrating interactions of these cognitive processes. A retrieval-load by outcome-feedback interaction was found in the left globus pallidus that may represent a memory reinforcement mechanism to facilitate the retention of an uncertain action that produces positive feedback. An outcome-feedback by anticipation-interval interaction in the inferior prefrontal cortex that we argue this is due to a bigger adjustment to negative outcome feedback for shorter compared with longer anticipation intervals. This interpretation is consistent with a role for this region in response reversal. A third interaction was a retrieval-load by anticipation-interval interaction in the midcingulate gyrus that we argue is due to ''energization'' or required effort to retrieve one item from memory in a shorter time interval.
Finally, a load by interval by outcome interaction was found in the right frontal pole. We argue that this region is involved in integrating the 3 psychological processes studied in the present experiment.
Taken together, these results build on previous findings and further advance our knowledge of how fundamental cognitive processes interact to enable flexible decision-making and behavioral control. It is also noteworthy that this study illustrates the use of functional neuroimaging to examine the underlying neurophysiological correlates of interacting cognitive processes that is not possible through behavioral study alone.
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